Both acetylcholine (ACh) and theta oscillations are important for learning and memory, but the dynamic interaction between these two processes remains unclear. Recent advances in amperometry techniques have revealed phasic ACh releases in vivo. However, it is unknown whether phasic ACh release co-occurs with theta oscillations. We investigated this issue in the CA1 region of urethaneanesthetized male rats using amperometric and electrophysiological recordings. We found that ACh release was highly correlated with the appearance of both spontaneous and induced theta oscillations. Moreover, the maximal ACh release was observed around or slightly above the pyramidal layer. Interestingly, such release lagged behind theta initiation by 25-60 s. The slow ACh release profile was matched by the slow firing rate increase of a subset of medial-septal low-firing-rate neurons. Together, these results establish, for the first time, the in vivo coupling between phasic ACh release and theta oscillations on spatiotemporal scales much finer than previously known. These findings also suggest that phasic ACh is not required for theta initiation and may instead operate synergistically with theta oscillations to promote neural plasticity in the service of learning and memory.
Introduction
Both acetylcholine (ACh) and theta oscillations are essential components of normal hippocampal functions (Vertes and Kocsis, 1997; Buzsaki, 2002; Gold, 2003; Hasselmo, 2006) . Theta oscillations (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , at the electrophysiological level, organize the activity of hippocampal neuronal ensembles over both temporal and spatial domains (Lubenov and Siapas, 2009 ) and promote synaptic plasticity (Larson et al., 1986; Vertes, 2005) . At the neurochemical level, ACh from the medial septum-vertical limb of the diagonal band of Broca (MSvDB) enhances hippocampal neuronal activity and plasticity (Jerusalinsky et al., 1997; Power et al., 2003; Hasselmo, 2006) . Disruption of either of these two processes leads to impairment of hippocampus-dependent learning and memory functions (for review, see Jerusalinsky et al., 1997; Buzsaki, 2002; Power et al., 2003; Parent and Baxter, 2004) .
Hippocampal ACh and theta oscillations appear to be tightly coupled. Lesions or pharmacological impairments of normal cholinergic activities dampen theta oscillations, suggesting that the septohippocampal cholinergic projection is an integral part of the theta generation system (Vanderwolf, 1975; Lee et al., 1994) (but see Goutagny et al., 2009 ). Higher ACh levels, revealed by microdialysis, are associated with theta-dominant behavioral states (Marrosu et al., 1995; Bianchi et al., 2003) and learning (Stancampiano et al., 1999; McIntyre et al., 2003) .
Despite these converging observations, limitations on the temporal resolution of prior experimental approaches (5-10 min fastest) have prevented the direct investigation of how hippocampal ACh concentration fluctuations and theta oscillations are dynamically coupled on faster time scales. Theta oscillations can appear or disappear as fast as a few seconds (Vanderwolf, 1969; DeCoteau et al., 2007) . Recently, fast (phasic) ACh release lasting a few seconds was observed in behaving animals using amperometry (Parikh et al., 2007) . These observations raise the question of whether ACh fluctuations are dynamically coupled to theta oscillations on time scales such as seconds. Furthermore, establishing the finer temporal relationship between ACh release and theta oscillations may also help to resolve the debate on whether MSvDB cholinergic neurons could pace theta oscillations (Brazhnik and Fox, 1997; Apartis et al., 1998 ) (for opposing views, see Markram and Segal, 1990; Simon et al., 2006) .
To circumvent limitations of traditional approaches and to directly observe the temporal interaction between ACh release and theta oscillations on finer scales, we used amperometry to acquire ACh dynamics on the level of seconds with a choline sensor (Burmeister et al., 2003) , while simultaneously monitoring theta activities reflected in the high-frequency component (HFC) of amperometric signals (Zhang et al., 2009) . Using this novel experimental approach, we asked whether phasic ACh release could accompany the appearance of theta oscillations on temporal scales of seconds to tens of seconds and whether ACh release was spatially modulated across hippocampal layers. In urethaneanesthetized rats, we observe for the first time a strong coupling between phasic ACh releases and theta oscillations on the time scale of tens of seconds. Subsequently, we further investigated whether such phasic ACh release was required for the initiation of theta oscillations, and how individual MSvDB neurons behaved in relation to ACh release/theta oscillations.
Materials and Methods

Animals
Animal use and procedures were approved by the Duke Institutional Animal Care and Use Committee and performed in accordance with National Institutes of Health guidelines. Twenty-seven adult male Long-Evans rats (3-8 months old, 350 -500 g) were used in the experiments.
Choline sensors
Choline sensor manufacture has been described previously (Burmeister et al., 2003 (Burmeister et al., , 2008 Zhang et al., 2009) . Briefly, two sites on an "R2" ceramic-based multielectrode array (total of four sites, 50 ϫ 150 m per site with 50 m space between sites) were coated with choline oxidase (1 U in 5 l coating solution) as choline-sensitive channels, whereas the remaining two sites were coated with the same coating solution except the oxidase, serving as self-referencing control channels. Coated sensors were then plated with meta-phenylenediamine dihydrochloride (Sigma) to exclude large interfering molecules such as dopamine, ascorbic acid, etc.
Choline sensors were calibrated in vitro before and after acute recordings. Sensitivity and selectivity were calculated based on regression [postcalibration sensitivity, 27.0 Ϯ 2.0 pA/M; selectivity, 301 Ϯ 63 (choline vs ascorbic acid); average Ϯ SEM]. In the analysis, we only included the experiments performed with sensors showing satisfactory postcalibration properties (sensitivity, Ͼ15 pA/M; selectivity, Ͼ150). Limit of detection (LOD) was calculated based on in vivo signal (see below, Choline signals and noise reduction). Using data from in vitro calibration, choline sensor response time was estimated as the time between choline addition and the time when the choline response reached 80% of its maximal value. Since this conservative estimation included additional choline diffusion time, the actual sensor response time should be shorter (compare with supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material).
Acute recording
Acute recordings were performed in rats with urethane anesthesia (1.25-1.5 g/kg body weight, i.p.). Rats were positioned in a stereotaxic frame, and craniotomies were opened for hippocampus [anteroposterior (AP), Ϫ4.0 mm; mediolateral (ML), 2.5 mm; relative to bregma] and/or MSvDB (AP, ϩ0.7 mm; ML, 1.5 mm).
Amperometry. For choline recordings, a miniature Ag/AgCl reference electrode was secured above the frontal cortex. A choline sensor was then lowered into the hippocampus, and signals were recorded with the FAST-16 electrochemical recording system (Quanteon). After 30 -60 min when baseline stabilized, data acquisition started. The choline sensor was lowered from Ϫ1.8 mm to Ϫ3.4 mm (below dura) at 0.2 mm increments, and tail pinches (30 -120 s) were applied at each depth to induce theta activity (Kramis et al., 1975) and potential choline increase. Five to 10 minutes were set between trials for local field potential (LFP) and choline signal to return to baseline.
Electrophysiology. For single-unit recordings, stainless steel screws were secured above frontal and parietal cortex as grounds. A 4 ϫ 4 multielectrode array (35 m tungsten wires, 250 m spacing) was inserted at a 15°angle targeting MSvDB. Single units were identified as the array was lowered between 5.8 -7.5 mm from dura. Activities were sampled at every 0.2-0.3 mm where a maximal number of single units were found. Tail pinches were applied similarly as in amperometry recordings, and the activities of single units were recorded with the Plexon Neurosurgery WorkStation (Plexon).
Data analysis
All data analyses were performed with MATLAB (The MathWorks), except off-line sorting of single-unit waveforms.
Theta oscillations in HFC of amperometric signals. The total frequency spectrum of amperometric signals contains both low-frequency chemical signals and HFCs that reflects LFPs as described previously (Zhang et al., 2009) . We high-pass filtered the raw signal (Ͼ0.5 Hz), and used this HFC as indicative of LFP activity. Power spectrograms were calculated using multitaper spectral methods (Chronux package, www.chronux.org) (Mitra and Bokil, 2007) .
Theta oscillations were recognized when a dominant band appeared in the power spectrogram within the frequency range of 2.2-5 Hz (Manns et al., 2000; Varga et al., 2008) . For each individual experiment (rat), the exact frequency range of the theta band was determined based on the actual frequency range of the dominant oscillation band. These oscillations were confirmed as theta since they reversed their phases as the sensor electrodes reached deeper layers of hippocampus. Recordings with a prominent theta band, but without phase reversal, were not included for analysis. We calculated the depth profile of amplitude and phase and determined the depth that theta phase fully reversed from the phase in stratum oriens and used this depth as depth "0" for calculating the choline depth profile in each experiment. Considering the slight difference between our phase-reversal definition and that in the literature (midpoint of phase reversal) (Bland and Whishaw, 1976; Zhang et al., 2009) , and the fact that our sensor electrode was much larger (150 m vertical size) than microelectrodes used in most previous studies, the depth 0 in our experiments was around 300 m below the pyramidal layer (supplemental Fig.  S3 , available at www.jneurosci.org as supplemental material). Relative theta power (theta index) was calculated as the ratio between power in the theta band and the theta plus delta bands (delta is defined as 0.5 Hz to the low end of theta) with a moving window (8 s, 0.5 s step). Occasionally, breathing would induce an artifact around 1 Hz. If this artifact was visible in the power spectrum, the power from this band was excluded.
Choline signals and noise reduction. After removing the HFCs, the remaining lower-frequency amperometric signal (Յ0.5Hz) was further processed to obtain the choline signal (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material). First, data pieces that contained pinch trials (5-15 min) were separated out. Very slow decay of baseline, approximated as a linear decay, was removed from all channels for each individual trial, which aligned the signal during baseline delta periods to 0 (low-frequency, baseline-removed amperometric signal denoted as iЈ x , x ϭ 1-4). Then, we also removed common noise, including the common electrophysiological signal, using a self-referencing procedure (Parikh et al., 2007; Zhang et al., 2009 ). Additionally, we also took into account the effective electrode area that may vary slightly between channels, by calculating normalization factors (n x , x ϭ 1-4, n 4 was arbitrarily defined as 1) based on the averaged HFC amplitude for all the baseline delta periods during each experiment (Zhang et al., 2009) (Fig.  2 A and supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Using these normalization factors, we performed corrected self-referencing (see equations below) on choline channels to generate denoised choline channel signals. The two control channels were referenced to each other to generate denoised control channel signals. These signals were finally converted to the choline/control signal based on the in vitro choline channel sensitivity [S x , x ϭ 1-4; sensitivity on control channels was taken as the average of sensitivity on choline channels, S ctrl ϭ (S cho-1 ϩ S cho-2 )/2]. Therefore, the corrected self-referencing procedure described above can be expressed in the following equations:
This denoise/self-referencing procedure produced signals with low noise and could achieve LOD usually lower than 100 nM (3 times the SD of choline signal during baseline) (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Self-referencing between the two control channels only helped lowering signal noise but did not change the conclusion on choline increase (control channels without self-referencing showed results similar to those in Fig. 2 , B and C). For each pinch trial, signals were displayed for 60 s before pinch start to 240 s after, and baseline values were calculated for 30 s before pinch start. ACh release was calculated as the average of choline signal 0 -120 s after pinch start, with baseline subtracted. Baseline choline signals in 4 of 14 rats had large noise in vivo, making the detection of potential choline release impossible. These four rats were thus excluded from further analysis.
Estimation of choline or theta rising time. After pinch, theta index and choline signal rose to a maximum and then decayed. To estimate the speed of such rise, we calculated the rise time and slope. Before this calculation, choline signal was first smoothed using a local-fit algorithm (Chronux) to remove residual transient artifacts. Maximal values (baseline subtracted) were found for choline signal or theta index between 0 and 180 s after pinch start, and rise time (T 80 ) was defined as the time the signal reached 80% of its maximal. The slope was defined as the reciprocal of the time between 30 and 70% of the maximal, and multiplied by 0.4.
We also used an alternative means to estimate the lag between theta and choline rise. Cross-correlation was calculated between the two signals for each trial, and lag time corresponding to the correlation maximum between Ϫ100 and ϩ180 s was determined and used for estimating time lag.
Single-unit activities. Electrophysiological recordings were processed off-line to obtain single-unit data using Offline Sorter software (Plexon). Single units were identified with their distinctive waveforms, separation from noise clusters, and clear refractory period (Ͼ1 ms) based on the interspike interval histogram (Nicolelis et al., 2003) . Of 159 MSvDB single units (neurons), 96 were included in further analysis, as they were from trials in which theta appeared instantaneously after pinch onset. Time stamps of action potentials (spikes) were analyzed in MATLAB. Firing rates were calculated by binning spikes with 0.5 s bins and smoothed for 2 s windows. The overall firing rate was calculated as the average of the whole recording session for each neuron. Pinch-on neurons (68 of 96) were defined as neurons that had increased firing rate beyond their baseline fluctuations (3 times the SD) after pinch onset. Rising time (T 80 ) was defined similarly as for choline signal or theta index, and slope was calculated between 0 and 70% of maximum (baseline subtracted).
Statistical methods. Nonparametric comparisons were used for tests on the amount of ACh release and the temporal characteristics of signals (rise time or slope). Specifically, the Mann-Whitney test (or KruskalWallis test) was used for comparisons between two (or more) independent groups; the Wilcoxon signed ranks test was used for paired comparisons.
Results
To study the dynamics of both ACh and theta oscillations on the time scale of seconds, and the interactions between these two types of signals, one approach is to implement two independent recording systems, amperometry and electrophysiology, simultaneously in the same animal. Such combined recordings have been technically difficult to achieve, particularly because two separate recording probes would have to be used concurrently. Using a novel approach recently developed in our laboratory (Zhang et al., 2009 ), we circumvented this crucial bottleneck and acquired both types of signals using a modified amperometric recording apparatus alone. With amperometric choline sensors (Burmeister et al., 2003) placed in the dorsal CA1 area of urethane-anesthetized rats, we separated the resulting amperometric signal, based on its overall frequency spectrum, into a low-frequency component, containing chemical information, and a HFC, representing LFPs (Zhang et al., 2009) (Fig. 1) . By further processing the lowerfrequency component, through corrected self-referencing, we were able to extract choline signals (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material) whose timedependent changes reflect the dynamics of ACh releases (Parikh et al., 2004 (Parikh et al., , 2007 . Overall, this new experimental approach allowed us to simultaneously monitor the dynamics of both ACh release and theta oscillations, from the same recording site (sensor electrode).
Phasic choline increase coupled to theta oscillations
To study theta-related ACh release on the level of seconds, we first tested whether phasic ACh release co-occurs with theta oscillations induced by tail pinch (Kramis et al., 1975) . As a representative trial shown in Figure 2 A, tail pinch induced a clear switch from baseline delta activity (1-2 Hz) to theta oscillations (2.2-5 Hz), and a concomitant increase of choline concentration, peaking around 100 nM and lasting about 200 s. This increase in choline reflected a significant phasic ACh release that accompanied the appearance of theta oscillations on the time scale of tens of seconds. We observed such release in 10 of 14 rats in which theta oscillations were induced (remaining 4 rats had large noise in vivo and were thus excluded from further analysis). We pooled trials from individual rats at a depth that had the largest choline increase (depth-related analysis will be described in detail in the next section) and summarized results for all the trials with choline increases exceeding 3 times the SD of the baseline (Fig. 2 B, 29 of 42 trials). To confirm that the increases were indeed choline signal and not resulting from nonspecific signals that occurred in the same trials, signals on choline-sensitive channels were compared with signals from non-enzyme-coated control channels recorded at the same time (but at different depths). Furthermore, to control for the difference in channel depths, we also compared the choline signals with signals from control channels recorded at the same depth where the choline increase was observed (but in different trials). Quantification of these choline increases (average In this example, channel 1 (Ch#1; blue) and channel 2 (Ch#2; green) were coated with choline oxidase, whereas channel 3 (Ch#3; red) and channel 4 (Ch# 4; cyan) were control channels. Channel assignment for enzyme coating was reversed in half of the sensors. B, Amperometric signal from an individual channel can be separated into low-and high-frequency components, reflecting chemical and LFP signals, respectively (Zhang et al., 2009). choline signals for the first 120 s after pinch start) showed that they were significantly different from the signals on control channels (Fig. 2C, right) (Mann-Whitney test, both p Ͻ 0.001). The lack of significant signals on control channels confirmed that the choline increases, and thus the phasic ACh releases, did not result from nonspecific chemical signals, nor did it reflect very slow LFP signals.
Although occurring together, the phasic ACh release and theta oscillations described above could have been two independent responses brought together by the pinch. Alternatively, these two phenomena may share a common mechanism and may co-occur in the absence of external stimuli. Therefore, we asked whether the fluctuations of the choline signal would accompany the appearance of spontaneously occurring theta oscillations. This was indeed the case in three of four rats when spontaneous theta occurred without any external stimulation. Choline signals in the remaining rat were noisy during the experiment and thus prevented the detection of significant increases in the choline signal. As the example shown in Figure 2 D, these choline fluctuations had similar or slightly smaller amplitudes compared with those induced by pinch and could occur as frequently as every 10 -20 s, closely matching the rise and ebb of spontaneous theta oscillations. These results suggest that phasic ACh release is highly correlated with theta oscillations on the time scale of tens of seconds, regardless of whether theta is spontaneous or induced.
Maximal choline increase around CA1 pyramidal layer
Cholinergic axons and varicosities in the hippocampus show layer-specific distributions (Mechawar et al., 2000) , suggesting that ACh release may differ across layers. To test this hypothesis, we quantified phasic choline increases at different depths in the dorsal CA1 area, which has been divided into layers based on morphology and cell distributions (Andersen et al., 1996) . Taking advantage of the theta information obtained from the same sensor electrodes, we determined the depth of the recording site relative to the site of theta phase reversal, which is situated characteristically below the pyramidal layer (Bland and Whishaw, 1976; Zhang et al., 2009) . In the example shown in Figure 3 , A and B, we observed maximal choline increase 0.3 mm above the point of full theta phase reversal. Aligned to the phase reversal point in individual rats, choline increases were largest 0.3-0.6 mm above the phase reversal point (Fig. 3C ) (Kruskal-Wallis test, p Ͻ 0.001). The release at 0.3-0.4 mm were marginally larger than at 0.5-0.6 mm ( Fig. 3D) Fig. S3 , available at www.jneurosci.org as supplemental material). Thus, our results suggest that the maximal phasic ACh release in the CA1 occurs around or slightly above the pyramidal layer.
Choline increase lagging behind theta initiation
Previous studies hypothesized that MSvDB cholinergic neurons could pace theta oscillations (Smythe et al., 1992; Brazhnik and Fox, 1997) . If they do, ACh should be released at the same time as the initiation of theta oscillations. Other studies, however, suggest that these neurons may not be directly responsible for the generation/pacing of theta oscillations (Griffith and Matthews, 1986) . To disambiguate these competing hypotheses, we investigated the temporal relationship between phasic ACh signals and the initiation of theta oscillations. As the example in Figure 4 A illustrates, the phasic choline increase was often very slow, ramping up over a few tens of seconds. On the other hand, the onset of theta was very fast (usually Ͻ5 s), illustrated by the abrupt increases of the theta power index (see Materials and Methods). Over all trials, the theta index rose much faster than the choline signal, reflected by either the rise time or the rise slope (Fig. 4 B) (Wilcoxon signed ranks test, both p Ͻ 0.001). We further esti- mated the difference of rise time between these two signals using the time offset of the peak in the cross-correlogram (Fig. 4C) . The delay of choline signals relative to theta oscillations was around 20 -50 s, consistent with the estimate from the difference in their respective rise time (Fig. 4 D) (H 0 : lag time ϭ 0; Wilcoxon signed ranks test, p Ͻ 0.001). Such a time lag could not be attributed to a delay caused by the choline sensor (sensor response time, 6.2 Ϯ 0.9 s, average Ϯ SEM; p Ͻ 0.001 compared with choline signal rise time, t test) (flow-injection analysis example in supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). Overall, these results indicate that there was a genuine lag between the slow rise of ACh release and the rapid theta initiation. This consistent delay supports the view that the phasic ACh release does not participate in the initiation of theta oscillations.
Activities of a subpopulation of low-firing-rate neurons in MSvDB matching the slow choline increase
To further corroborate our observation that phasic ACh rises slowly, lagging the onset of theta oscillations, we tested the prediction that the MSvDB cholinergic neurons similarly increase their firing rate at a slow speed to account for the slow ramping of choline signals. Since recent studies suggested that MSvDB cholinergic neurons in vivo have a low firing rate (below 4 Hz) (Simon et al., 2006) , we were particularly interested in the firing properties of lowfiring-rate MSvDB neurons, which have not been the focus in most MSvDB singleunit studies.
To test our prediction, we implemented simultaneous extracellular recording in the MSvDB and concurrent choline amperometry in the hippocampus in the same animal (Zhang et al., 2009) . Figure  5A illustrates an MSvDB neuron that was virtually silent during the baseline period and only fired after the onset of theta oscillations, with firing rate increases closely matching the simultaneous choline signal. We found two neurons of such behavior out of 24 neurons recorded. Because of the extreme difficulty and low yield of carrying out these concurrent recordings, most MSvDB extracellular recording sessions were acquired without simultaneous choline recordings, while maintaining the same pinch stimulation protocol to induce theta oscillations and the slow ramping of ACh release. Overall, MSvDB neurons displayed two major patterns of firing rate changes: high-firing-rate neurons (overall firing rate Ͼ4 Hz) often had a rapid increase in firing at pinch onset, whereas low-firing-rate neurons (Ͻ4 Hz) increased their firing rate over tens of seconds during pinch-induced theta oscillations (see an example of six neurons in a single trial shown in Fig. 5B ). We identified pinch-on MSvDB neurons that increased their firing because of the pinch and quantified the rise time and slope of the firing increase (Fig. 5C ). The two groups of pinch-on MSvDB neurons (Ͼ4 or Ͻ4 Hz) were significantly different for both temporal dynamics measures (Fig. 5D ) (Mann-Whitney test, both p ϭ 0.001). The majority of the high-firing-rate MSvDB neurons increased their firing rapidly at theta onsets (Fig. 5E ) (rise time Ͻ 10 s, 23 of 33, 70%), consistent with a role in pacing theta oscillations. In contrast, a substantial proportion of the low-firing-rate MSvDB neurons increased their firing slowly (rise time Ͼ 20 s, 18 of 35, 51%, compare to 21% for high-firing-rate neurons), matching the slow increase of choline signal shown in Figure 4 .
To further compare the dynamics of the choline/theta signals to the firing rate changes of different neuronal groups, we inspected the pooled, normalized signal traces. Although the amperometry (choline/theta signals) and the electrophysiology (unit firing) recordings were performed separately, the population results showed very similar dynamics (Fig. 5F ), with the low-firing-rate, slow-increase (T 80 Ͼ 20 s) neurons matching the slow increase of choline signals and the high-firing-rate, fastincrease (T 80 Ͻ 10 s) neurons matching the fast theta dynamics. All the results above demonstrated that a subpopulation of MSvDB low-firing-rate neurons modulate their firing rate similar to the slow choline ramp, suggesting that these neurons may represent septohippocampal cholinergic neurons. 
Discussion
Using amperometric techniques, we demonstrated for the first time that the in vivo phasic ACh release is highly correlated with theta oscillations on spatiotemporal scales finer than traditional views. In the dorsal CA1 area of urethane-anesthetized rats, phasic ACh releases lasting tens of seconds occurred maximally around or slightly above the pyramidal layer (Fig. 3) , cofluctuating with spontaneous or induced theta oscillations (Fig. 2) . These phasic releases were not required for the initiation of theta oscillations, because the ACh concentration ramped up slowly, trailing theta onset by tens of seconds (Fig. 4) . Such dynamics matched the firing rate change of a subpopulation of MSvDB low-firing-rate neurons (Fig. 5) , which are likely putative cholinergic neurons and the source of the phasic ACh release. Demonstration of such fine-scale ACh dynamics in the hippocampus provides new insights on the functions of in vivo ACh signals and raises new questions regarding the relationship between ACh dynamics and theta oscillations.
Generic method to study interaction between rhythmic activities and neurotransmitters/neuromodulators
Our study is the first one, to our knowledge, that addressed the dynamics of a major neurotransmitter/neuromodulator associated with particular brain oscillations on fast temporal scales of seconds to tens of seconds in vivo. In general, studies on interactions between brain oscillations and associated neurochemical mechanisms have been hindered by technical difficulties. Although voltammetric methods have opened up venues for fast acquisition of chemical dynamics (Adams, 1990; Dale et al., 2005) , it remains very difficult to obtain simultaneous recordings of both neurochemical and electrophysiological signals with independent recording setups. Our method, which circumvents such key technical difficulty, can be applied universally to other investigations of similar type.
ACh and theta oscillations
Previous lesion and pharmacological studies have shown that an intact cholinergic system is required for certain attributes of theta oscillations, including the occurrence of type II theta oscillations and modulation of the power of type I theta oscillations (for review, see Bland, 1986; Vanderwolf, 1988; Vertes and Kocsis, 1997; Buzsaki, 2002) . Our data add to this literature and show that ACh release accompanies the appearance of theta oscillations, revealing yet another level of the tight connection between ACh and theta oscillations on much faster temporal scales than previously known.
The function of such phasic ACh release is still unclear. Because the ACh system is required for the occurrence of type II theta oscillations, one possibility could be that phasic ACh releases directly contribute to theta generation. Our data do not support this possibility, at least for the initiation of theta oscillations, because theta onset in our experiments was much faster and earlier than the phasic ACh releases (Fig. 3) . Our estimation of theta onset was conservative, because the calculation of theta index smoothed the almost instantaneous appearance of theta oscillations (supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material). On the other hand, the slow increase of choline signal did not result from the response time of choline sensors (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material). Rather, it reflected the true temporal dynamics of in vivo ACh signals in our experiments, as ACh dynamics in similar experimental setups could be faster when induced by other means (Parikh et al., 2004; Burmeister et al., 2008; Giuliano et al., 2008) . Together, theta initiation clearly does not require these phasic ACh releases. It is important to note, however, that our observation does not rule out the possibility that a tonic baseline level of ACh is required for theta generation/initiation.
Alternatively, the functions of phasic ACh releases may be to contribute to the power and/or duration of theta oscillations (Monmaur et al., 1997; Keita et al., 2000) . Since theta power/ duration is influenced by anesthesia depth (Bland et al., 2007; Musizza et al., 2007) , this hypothesis needs to be tested more systematically in subsequent studies.
A more intriguing possibility concerns the roles in neural plasticity and memory formation played by ACh and theta, either of which has been separately implicated in many early studies. Particularly, cholinergic transmission permits and promotes hippocampal long-term potentiation formation (Jerusalinsky et al., 1997; Segal and Auerbach, 1997; Leung et al., 2003; Doralp and Leung, 2008) and permits the reorganization of cortical sensory representation (Kilgard and Merzenich, 1998; Sachdev et al., 1998; Conner et al., 2005; Origlia et al., 2008) as well as associated behavioral memory (Bakin and Weinberger, 1996) . Temporally specific activation of cholinergic nuclei was shown to be effective in inducing such plastic changes also (Bakin and Weinberger, 1996) , whereas temporally mismatched activation interferes with specific memory (Winters et al., 2007) . Similarly, theta oscillations also promote plasticity and learning (Larson et al., 1986; Figure 5 . A subpopulation of low-firing-rate MSvDB neurons has slow firing rate increase matching the slow choline increase. A, Firing rate change of a single MSvDB neuron matching simultaneously recorded choline signal, both rising slowly, whereas theta initiation was much faster (spectrogram on top). Pink lines, Pinch start/end; raster in bottom, neuronal spikes. Inset, Raw spike waveforms. B, Six MSvDB neurons (single units) recorded simultaneously during one pinch trial. Pink lines, Start and end of the pinch. Three neurons on the left had a high average firing rate (Ͼ4 Hz) and increased their firing rates rapidly after pinch, whereas the three low-firing-rate MSvDB neurons (right) increased their firing over tens of seconds. C, Example of two simultaneously recorded neurons with rise time (T 80 , vertical blue line) and slope (0 -70% maximal, oblique blue line) calculated. Time 0, Pinch start, cyan and black traces, 2 s smoothed and local-fit firing rates; horizontal dotted lines, 3 ϫ SD of baseline fluctuation. Insets, Raw spike waveforms. D, Summary for all neurons (single units) with significant increase in firing during pinch-induced theta episode, grouped according to their average firing rates (Ͼ4 or Ͻ4 Hz). Most high-frequency neurons have rapid rise, matching the rapid theta initiation. In contrast, a substantial proportion of low-firing-rate neurons (gray rectangles; 51%) increase their firing much slower, consistent with the relative slow increase of choline signals in Figure 4 . E, Summary table of the number of neurons in different categories. Columns show categories defined by firing rate (FR). Pinch-on neurons are further separated into slow-increase (T 80 Ͼ 20 s) and fast-increase (T 80 Ͻ 10 s) categories, and the percentages are shown in parentheses. F, Pooled signals show matching dynamics. Each signal (choline, theta index, and unit firing rate) from individual trials was baseline removed and normalized to its maximum. Solid and dotted lines, Average Ϯ SEM. Choline/theta signals and unit recordings were obtained from separate experiments. Left, Firing rate changes of low-firing-rate, slow-increase (T 80 Ͼ 20 s) neurons (n ϭ 18) matched the slow increase of choline signals (n ϭ 29 trials in Fig. 2, B and C) . Right, Firing rate changes of high-firing-rate, fast-increase (T 80 Ͻ 10 s) neurons (n ϭ 23) matched the fast theta dynamics (n ϭ 29 trials in Fig. 2, B and C) . Normalized unit firing rate signals were scaled to match choline and theta signals (left, 3; right, 1.4). Pavlides et al., 1988; Kahana et al., 2001; Hyman et al., 2003) and have been speculated to serve as a short-term tag for memory, designating memory traces to be consolidated by neuromodulatory inputs (Vertes, 2005) . Based on these lines of observation, we propose that the function of phasic ACh releases, which are called on after the onset of theta oscillations, may be to work synergistically with theta oscillations to consolidate the synapses that have been tagged and selected by the preceding theta oscillations. This coordination between theta oscillations and ACh releases may thus provide an exceptional opportunity to consolidate recent memory traces and to dynamically modulate neural plasticity on much finer temporal windows than traditionally assumed.
Temporally and spatially refined ACh action
More generally, elucidating the functions of the cholinergic systems requires the understanding of the temporal and spatial characteristics of ACh release. Because of the lack of experimental evidence on faster time scales, the assumptions that in vivo ACh dynamics are very slow have been incorporated into modeling and theoretical frameworks (Woolf, 1996; Cartling, 2001; Hasselmo et al., 2002) , limiting the consideration of ACh functions most often to the time scale of arousal state alternations. The time scale of phasic ACh release that we observed in the hippocampus is much faster than previously assumed and is consistent with the dynamics of ACh action on its targets, particularly through muscarinic receptors (Cole and Nicoll, 1984; Hasselmo and Fehlau, 2001) . Comparable phasic ACh releases have recently been observed in the cortex in behaving rats (Parikh et al., 2007) , with considerably faster dynamics (a few seconds) and larger peak amplitude. These differences may result from intrinsic differences in firing properties between cholinergic neurons in MSvDB and in caudal basal forebrain (Lee et al., 2005; Simon et al., 2006) , projecting to hippocampus and cortex, respectively. Alternatively, phasic ACh releases in unanesthetized rats may have faster onset and temporal dynamics, in general.
The functioning of ACh also depends on the spatial distribution of its release, which has long been considered as diffuse transmission (Descarries et al., 1997) . However, histological studies have shown that cholinergic innervations in CA1 are higher in the strata oriens and pyramidale (Lysakowski et al., 1989; Arvidsson et al., 1997; Mechawar et al., 2000) , consistent with the layer-specific distribution of phasic ACh release (Fig. 3) . Since different layers of CA1 substantiate different input-output functions (Andersen et al., 1996; Freund and Buzsaki, 1996; Megias et al., 2001) , the local heterogeneity of phasic ACh release that we observed is well positioned to influence the soma and directly modulate the output of the CA1 hippocampal neurons. The spatial distribution of phasic ACh release in other hippocampal subfields needs further investigation.
Together, our results provide experimental bases for future theoretical framework and modeling regarding the functions of ACh and theta oscillations in the hippocampus on much finer spatiotemporal scales than long-held traditional views.
Putative cholinergic neurons in MSvDB
Our single-unit recording revealed two major groups of neurons in MSvDB with distinct physiological properties (Fig. 5) , which may reflect the different types of neurotransmitter used.
Since cholinergic and GABAergic neurons in MSvDB are critical for theta generation (Mizumori et al., 1989; Lee et al., 1994; Leung et al., 1994; Yoder and Pang, 2005) , a lot of interest and debate have been devoted to the chemical identity of the MSvDB neurons recorded in vivo. Previous studies speculated that both cholinergic and GABAergic neurons can fire at high frequencies and pace theta oscillations (Stewart and Fox, 1989; Brazhnik and Fox, 1997; Apartis et al., 1998) . However, more recent studies seem to be reaching a consensus that only fast firing GABAergic neurons in MSvDB fire rhythmically and pace theta oscillations (Serafin et al., 1996; Borhegyi et al., 2004) , whereas cholinergic neurons probably discharge at a low rate (Markram and Segal, 1990; Sotty et al., 2003; Simon et al., 2006) . Given the technical difficulty in determining the chemical identities of the in vivorecorded neurons, only one study has identified cholinergic neurons in vivo and concluded that the few cholinergic neurons in their study were all low firing rate and could not rhythmically burst in relation to theta (Simon et al., 2006) . Our results are consistent with the idea that a subpopulation of low-firing-rate neurons are cholinergic neurons. Those low-firing-rate neurons with a slow firing rate increase may be the cholinergic neurons responsible for the observed ACh release. Interestingly, despite their slow increase over tens of seconds matching the choline dynamics, the firing rates of the putative cholinergic neurons also showed a modest but fast rise at theta onset (Fig. 5F ). Such transient acceleration may result in a transient and modest ACh release which, if present, is too fast and/or too small to be captured by the detection technique currently available. On the other hand, the majority of the high-firing-rate neurons increased their firing almost instantaneously, consistent with the view that GABAergic neurons pace theta oscillations. Future technical advancement with improved resolution may help to test these hypotheses.
